[1] A recently proposed method for approximating the paleorelief of mountain belts makes use of the predictable relationship between the isotopic depletion of precipitation and the net elevation of an orographic barrier over which an air mass rises. This rain shadow effect often creates desert regions on the lee side of mountain belts in which precipitation is isotopically light. Changes in the isotopic composition of precipitation can be estimated from the isotopic composition of authigenic or pedogenic minerals, which can then be used to infer both the development of relief during orogenesis as well as the stability of a rain shadow formed by developing mountains. The d 18 O of smectites formed from the weathering of Middle Miocene to Late Pliocene volcanic ashes currently exposed in the rain shadow of the modern Sierra Nevada of California show no indication of large-scale Late Cenozoic surface uplift of the Sierra and corresponding regional rain shadow development. Rather smectite isotope data tentatively suggest that elevations may have decreased over this time by as much as 2000 m toward the southern end of the range and 700 m in regions farther north. This suggests that the modern rain shadow cast over the western Basin and Range has been in existence since pre-Middle Miocene and that the Sierra Nevada have been a prominent orographic barrier since before this time. These interpretations are in accord with several recent studies also suggesting a possible Cenozoic elevation loss of an already developed Sierra Nevada mountain range.
Introduction
[2] Recent interest in understanding the relationships among tectonic processes responsible for Cenozoic mountain building and/or plateau uplift, the exhumation and elevational history (surface uplift) of mountain ranges, and regional and global climate [e.g., Ruddiman and Kutzbach, 1989; Raymo and Ruddiman, 1992] has led to a number of quantitative methods and studies assessing the paleotopographic histories of ancient mountain belts and plateaus [e.g., Gregory and Chase, 1992; Lawrence and Rashkes Meaux, 1993; Sahagian and Maus, 1994; Small and Anderson, 1995; Wernicke et al., 1996; Wolfe et al., 1997; House et al., 1998; Forest et al., 1999; Chamberlain et al., 1999] . Many of these studies have concentrated on Cenozoic mountain ranges because of the apparent link between Cenozoic climate change and periods of plateau uplift and mountain building [e.g., Ruddiman and Kutzbach, 1989; Raymo and Ruddiman, 1992] . Evaluating the topographic development of Cenozoic mountain ranges will provide important constraints on physical models of mountain building and interpretation of Cenozoic global paleoclimate.
[3] A recently proposed approach to estimating changes in paleoelevation involves measuring variations in the isotopic composition of local precipitation through time, as preserved in the stratigraphic record Chamberlain and Poage, 2000] . Passage of an air mass over a mountain belt results in both disparate quantities and isotopic compositions of precipitation on opposite sides of the mountains, with less rainfall of lighter isotopic composition falling on the leeward side. A strong global correlation between the relief of a mountain range and the change in isotopic composition of precipitation on either side of the range [Chamberlain and Poage, 2000; Poage and Chamberlain, 2001 ] allows for quantitative estimation of paleotopographic development through time. Thus, by documenting changes in isotopic composition of minerals formed in equilibrium with meteoric or meteorically derived waters and subsequently preserved in the stratigraphic record, it is possible to estimate both the timing and magnitude of the emergent orographic effect of a developing mountain range [e.g., Chamberlain et al., 1999] .
[4] Of particular interest in this regard are the Sierra Nevada mountains of California (Figure 1 ) with an average TECTONICS, VOL. 21, NO. 4, 10.1029 /2001TC001303, 2002 Copyright 2002 by the American Geophysical Union. 0278-7407/02/2001TC001303$12.00 elevation of $2800 m and peaks greater than 4400 m. Despite the importance of the Sierra in influencing Cenozoic climate in the western United States, there is little consensus as to when and how fast Sierran topography actually developed. The long-standing view has held that development of Sierran topography occurred primarily post-10 Ma with the bulk of elevational gain taking place since then [Christensen, 1966; Huber, 1981; Hudson, 1960; Axelrod, 1962; Unruh, 1991; Loomis and Burbank, 1988] . This view has been recently challenged by several studies suggesting that the Sierra have existed as a major topographic feature for much longer than that [Small and Anderson, 1995; Wernicke et al., 1996; House et al., 1998 House et al., , 2001 and may in fact have lost elevation during the Late Cenozoic.
[5] Isotope paleoclimate records are lacking in the region and extend only as far back as late Pliocene [Winograd et al., 1985] . To address this controversy concerning the timing of Sierran topography, we determined the d
18 O values of authigenic smectite from well-dated and correlated volcanic ash layers exposed in Early Miocene to Pleistocene terrestrial sediments on the east side of the Sierra Nevada (Figure 1 ). To a first order, our isotopic data show no evidence of regional rain shadow development over the past 16 million years, suggesting that the Sierra have been a long standing topographic feature. Measured increases in the d
18 O smectite through time may actually indicate a net lowering of Sierran elevation with the elevation loss being much greater toward the southern end of the range.
Timing of Sierran Relief
[6] Until recently, it was the generally believed that the Sierra Nevada was a relatively young (less than $10 Ma) topographic feature. Evidence for this interpretation came largely from examination of tilted Tertiary sedimentary beds on the western side of the Sierra Nevada. Estimates of surficial uplift ranged from 600 m since the Late Miocene to Early Pliocene [Hudson, 1960] to 2700 m since the Miocene [Lindgren, 1911] , to $3900 m with $1200 m of surficial uplift occurring at the end of the Miocene and an additional $2700 m due to subsequent faulting [Mathes, 1930] . A more recent study of angular unconformities between Late Cenozoic beds on the west slope of the Sierra suggest a post-5 Ma tilting event that led to 2000 -2500 m of surficial uplift [Unruh, 1991] .
[7] Other types of studies have suggested similar scenarios for topographic development of the Sierras. Citing paleontological, paleoclimatological and structural evidence, Axelrod [1962] concluded that the late Pliocene Sierra Nevada was a broad ridge with a summit of approximately 1000 m, implying that the bulk of topographic development has occurred in the last <2 million years. More recently, Axelrod [1980] suggested that the Sierra rose 1830 m in elevation since 5 -7 million years ago. Loomis and Burbank [1988] interpreted a Late Miocene tectonic uplift of the Sierra based on the appearance of Sierra-derived detritus in the El Paso Basin sediments toward the southern end of the range. Similarly, stable isotope data from fluid inclusions in uranium series-dated calcite veins from the Death Valley region suggest a major surficial uplift of the Sierra Nevada during the Pleistocene [Winograd et al., 1985] .
[8] Recent papers present alternatives to this view that the greater portion of Sierran topography developed during or after the late Miocene. Small and Anderson [1995] suggest that erosion of an existing topographically high Sierra may have reduced the mean elevation of the range by 200-1000 m in the last 10 million years, but do not rule out the possibility that the maximum elevation may have increased. Wernicke [1996] suggest that tectonic extension since the early Miocene has thinned the High Sierran and Basin and Range crust by a factor of two, leading to a possible 1000 -2000 m elevation loss of an already established topographic high. Most recently, House et al. [1998 House et al. [ , 2001 demonstrated the response of (U-Th)/He ages of apatite to topographic incision of rivers on the west side of the Sierra and suggested that the original high topography of these mountains may be as old as 50 to 60 million years, with subsequent elevation loss of 500-1000 m.
Stable Isotopes as a Paleorelief Indicator
[9] Despite numerous complexities in natural systems, the isotopic composition of authigenic and pedogenic min- erals is commonly used as a proxy for the isotopic composition of ancient precipitation [e.g., Amundson et al., 1996] . Many interpretations of isotopic records rely on modern relationships between the isotopic composition of precipitation and some controlling parameter (i.e., mean annual temperature, latitude, elevation, continentality). Coupled with an isotope proxy record for ancient precipitation, these modern relationships form the basis for interpreting aspects of paleoclimate.
[10] One of the more striking isotopic relationships in the modern environment is the ''rainout'' effect whereby air masses moving inland become progressively depleted in the heavier isotopes of hydrogen and oxygen as they lose moisture [Dansgaard, 1964] . The rainout effect is significantly enhanced by the presence of large mountains, forcing air masses to rise, cool, and lose disproportionately large amounts of isotopically heavier moisture on the windward side [Dansgaard, 1964; Siegenthaler and Oeschger, 1980] . In many cases, this creates desert environments receiving isotopically lighter precipitation on the rain shadow side of the mountains.
[ Poage and Chamberlain, 2001] . Consequently, small elevation changes may not be discernable, however larger elevation changes comparable to modern Sierran elevations should be detectable in the isotopic record. Other sources of error in estimating elevation changes from isotope proxy records included analytical error ($0.2-0.3%) which is small as compared to predictive uncertainties, as well as natural variations in isotopic compositions of similar-aged samples from the same site or nearby sites. Empirical observation from many stable isotopic data sets [e.g., Quade et al., 1989; Stern et al., 1997; this study] suggests that this variation is on the order of ±1.5% and may also serve to obscure the isotopic effects of small elevation changes.
[12] The use of authigenic minerals as a proxy for the isotopic composition of paleoprecipitation can also be complicated by processes occurring in the surface or shallow subsurface components of the hydrologic cycle, many of which are difficult to constrain. For example, soil water or shallow groundwater may be isotopically heavier than its source precipitation due to evaporative effects or water-rock interaction. In the case of an emergent mountain range, increased aridity in an emerging rain shadow may result in a more evaporative surface or shallow subsurface environment which in turn may dampen the apparent isotopic change in precipitation. This effect may however be countered by increased mineral formation temperatures which would decrease mineral-water isotopic fractionation and yield isotopically lighter authigenic minerals. The cumulative effects of these and other processes is difficult to constrain, however, we point out that for large mountain ranges, the change in d
18
O precipitation resulting from rainout is large compared to many of these factors. Therefore it is highly likely that the Dd
O precipitation produced by generation or degradation of large-scale orographic barriers will be recorded in the isotopic composition of authigenic or pedogenic minerals.
Modern Precipitation and Isotopic Anomaly
[13] Modern precipitation in the western Basin and Range is distinctly seasonal in both source and amount. Winter precipitation originates to the west over the Pacific Ocean and travels eastward over the Sierra en route to the Basin and Range (Figure 2 ). Summer precipitation is a mixture of storms that track from the west and storms that track from the south or southeast across either the Gulf of Mexico or Gulf of California. The area of interest is generally dominated by winter precipitation with winter:-summer precipitation ratios ranging from 1.1 to 3.7 . Accurate long-term isotopic records of precipitation in the region are lacking, but meteorically derived surface waters (lakes, springs, rivers) in our study area have dD values of approximately À90% to À120% [Ingraham and Taylor, 1991; Friedman et al., 1964 Friedman et al., , 1992 . Shallow groundwaters in the region have d
18 O values of approximately À11% to À14% [Winograd et al., 1985; Smith et al., 1992; Feng et al., 1999] .
[14] Several studies have documented the present day isotopic gradients in precipitation and groundwater across the Sierran divide. Friedman and Smith [1970] show up to 50% difference in dD ($6% difference in d
18
O) between precipitation on either side of the range. Ingraham and Taylor [1991] and Ingraham and Craig [1993] show a $40% west-east difference in dD ($5% difference in d 18 O) of precipitation and shallow groundwater across the Sierran crest. As a result of Sierran topography and the isotopic rainout effect from this orographic barrier, this isotopic gradient is one of the steepest in the world and leaves western Basin and Range precipitation and surface waters among the isotopically lightest in the continental United States (Figure 2 ).
[15] Though the present-day relationship between this isotopic anomaly and Sierran topography is clear, little is presently known about the history of this anomaly. There is presently no isotope proxy record for meteoric or meteorically derived waters from the Basin and Range extending back further than $2 million years. Winograd et al. [1985] show a $40% decrease in dD ($5% decrease in d
O) of waters trapped in fluid inclusions from Pliocene-Pleistocene uranium series-dated laminations in calcite veins near Death Valley, which they tentatively attributed to an increased orographic effect from Pleistocene uplift of the Sierra Nevada and/or the Transverse Ranges. Winograd et al. [1985] presented no oxygen isotope data from vein calcite and no corroborating isotopic evidence yet exists for this interpretation.
Samples and Geochronology
[16] Authigenic smectite was separated from weathered volcanic ash layers deposited throughout the western Basin and Range and interbedded with terrestrial sediments now exposed in a number of basins in western Nevada and eastern California (Figure 1 ). Smectite is a common authigenic weathering product of volcanic glass and is known to form in the near surface environment [e.g., Birkeland, 1969; Moore and Reynolds, 1997] and preserve its isotopic composition after formation [e.g., Cadrin et al., 1995; Stern et al., 1997] . Many of these smectite bearing ash units have been dated by 40 Ar/ 39 Ar techniques or have been correlated with ashes of known age in other nearby basins, allowing for age control on the time of smectite formation [Perkins et al., 1998 ]. In addition, the possibility of contamination by detrital or inherited clays is minimized as silicic fallout tuffs represent essentially instantaneous deposition. Whenever possible, samples were chosen that showed a minimum of fluvial reworking, thus minimizing the potential for contamination by smectite from sources other than in situ weathering of the volcanic material. For a point of comparison we also sampled sandstone and conglomerate units adjacent to each volcanic ash bed for isotopic analysis of carbonate cement material which too can record information as to the isotopic composition of precipitation or shallow groundwater [e.g., Smith and Dorobek, 1993] .
[17] Volcanic ash samples are from seven areas: Buffalo Canyon (BC), Stewart Valley (SV), Coal Valley (CV), Cave Spring Wash (CSW), Willow Wash (WW), Horse Thief Canyon (HT) [Chamberlain and Poage, 2000] , and the El Paso Basin (EPB) [this study]. Abbreviations apply to both section locations in Figure 1 and to sample numbers in Table 1 . All samples except those from the El Paso Basin are grouped together into a composite section because of their relative proximity to each other. Samples from the El Paso Basin are treated separately because of their geographic position at the southern end of the mountain range.
[18] Detailed stratigraphy and geochronology for these areas can be found in the following references: Buffalo Canyon [Axelrod, 1991; Perkins et al., 1998 ]; Stewart Valley [Schorn et al., 1989; Perkins et al., 1998 ]; Coal Valley [Golia and Stewart, 1984] ; Aldrich Station section [Perkins et al., 1998 ]; Cave Spring Wash, Willow Wash and Horse Thief Canyon [Reheis and Sawyer, 1997] ; El Paso Basin [Loomis and Burbank, 1988; Perkins et al., 1998 ]. In many cases, previously described and dated ash layers were sampled. In some cases, geochronology is estimated based on the correlations of Perkins et al. [1998] , or by interpolation between two previously dated ash layers. Samples and estimated geochronology are listed in Table 1 .
Methods
[19] Initial sample identification was done by powdermounted whole rock X-ray diffraction analysis on a Siemens D-500 X-ray diffractometer. As not all ash units sampled contained significant amounts of smectite, only samples that showed a well-developed smectite shoulder in the unoriented whole rock pattern were chosen for further processing. This subset of samples was ground using a mortar and pestle and disaggregated ultrasonically. Samples were then allowed to settle for several minutes before particle size fraction analysis on a Coulter LS230 particle size analyzer. Samples were then centrifuged using the particle size profile as a guide, allowing for maximum recovery of clay minerals and minimization of any potential particle-size effect in d
18
O. The resultant size fractions were generally white in color indicating a lack of iron-oxide grain coatings common in pedogenic clay minerals. Slurries were then placed on glass slides and allowed to dry in a drying oven at $60°C overnight. Oriented samples were X-rayed both dry and after ethylene glycol solvation to determine the mineralogy of constituent clay minerals. X-ray diffractometry showed that most samples were pure smectite with no other minerals detected; samples showing obvious contamination were discarded. Measurements of D2Â between the 002 and 003 peaks indicate very low (if any) illite content [Moore and Reynolds, 1997] , indicating minimal recrystallization during burial and also precluding precise radiogenic dating of these smectite samples.
[20] The d 18 O of smectite separates were determined using methods modified from Clayton and Mayeda [1963] . Approximately 20 mg splits of samples were dried in a drying oven overnight at $80°C and placed in a drybox in the presence of P 2 O 5 for $24 hours before loading into nickel reaction bombs. The bombs were evacuated, heated to $200°C for 2 hours, and pumped out for an additional hour before reaction with BrF 5 at 570°C overnight. Oxygen from this reaction was converted to CO 2 in the presence of a heated graphite rod, cryogenically purified and analyzed on either a Finnigan Delta E or Mat 252 gas source mass spectrometer at Dartmouth. The d
O values are reported relative to V-SMOW. Based on repeated analyses of both NBS-28 quartz standards as well as an internal laboratory standard, and replicate analyses of unknowns, 1s precision is estimated to be $0.25%.
[21] The d
O of carbonate cement from sediments adjacent to our volcanic ash samples was analyzed in one of two ways. For conglomerates, calcite cement was drilled directly from larger cobbles to minimize potential contamination by carbonate clasts. Oxygen was extracted as CO 2 by reaction with phosphoric acid under vacuum. For sandstones, carbondioxide from cement was extracted by selective digestion by phosphoric acid under vacuum following petrographic examination to ensure minimal contamination from carbonate clasts.
Results
[22] The d
18 O values for smectite samples from the northern composite section range from 12.6% to 16.5% with a slight trend toward heavier values in the younger samples (Table 1 and Figure 3 ) [Chamberlain and Poage, 2000] . Using a mean annual temperature of 14°C [Sass and Lachenbach, 1982] , the d
18
O of modern shallow groundwaters in this area [Winograd et al., 1985; Smith et al., 1992; Feng et al., 1999] and the fractionation equation of O values of smectite in ash layers from the El Paso Basin section at the southern end of the Sierra Nevada range in value from 13.1% to 21.0% and in contrast to the northern samples, increase by $5-6% between approximately 14 Ma and 6 Ma (Figure 4) . A similar shift in both direction and magnitude is seen in the corresponding carbonate cement data (Figure 4) There are several factors which can lead to isotopic discrepancies between coexisting authigenic or pedogenic minerals. These include (1) differences in the mineral formation temperatures resulting from seasonality of mineral formation, (2) seasonal differences in d 18 O precipitation coupled with seasonality of mineral formation, (3) differences in the temperature of formation resulting from differences in the depth of formation, or (4) near-surface evaporative effects coupled with a difference in the depth of formation. Stern et al. [1997] ascribed pedogenic smectite-calcite disequilibrium in the opposite direction to differences in the seasonality of mineral formation coupled with seasonal isotopic differences in ambient soil water. It is unlikely in this case that a difference in mineral formation temperature associated with seasonality of mineral formation is the cause of the isotopic discrepancy as the temperature difference required to produce a $3.5 -4% difference between smectite and calcite is on the order of 15°-20°C. It is equally unlikely that a seasonal difference in d
O precipitation coupled with seasonality of mineral formation is the dominant cause as near-surface formed calcite would likely form in the drier summer months when d 18 O precipitation is heavier compared to winter, an effect which might offset any seasonal temperature differences. This would produce calcite with relatively heavier isotopic values compared to smectite, the opposite of our observations. The isotopic discrepancy between smectite and calcite may be explained by calcite cement forming deeper in the subsurface than the smectite. If this were the case, the temperature of calcite formation may have been higher than that of smectite formation resulting in lower d 18 O calcite values relative to smectite. In addition, the nearer surface waters from which smectite formed may be subject to some amount of evaporation which could also contribute to the observed isotopic discrepancy. Though it is uncertain at this stage which effect dominates, since the isotopic compositions of calcite and smectite samples show similar shifts in both direction and magnitude, it is highly likely that they both formed from meteoric water whose original isotopic composition was affected by the same external influences.
Discussion

Theoretical Considerations
[25] Interpretation of our data set with respect to the topographic history of the Sierra Nevada warrants some theoretical estimation as to the magnitude of the isotopic changes in precipitation and authigenic minerals that might be expected under different tectonic scenarios. In addition to orographic effects brought about by tectonic activity, there are numerous influences on both the isotopic composition of precipitation falling on the lee side of the Sierras, and on the isotopic composition of authigenic minerals actually formed in the shallow subsurface. Many of these influences are difficult to constrain in the modern environment and even more difficult to constrain in the past. Nevertheless, several factors in addition to orographic effects can be factored into simple calculations. These include changes in the isotopic composition of ocean source waters, and global temperature changes which may affect both the isotopic composition of precipitation and mineral-water isotopic fractionation. Figure 5 shows the results of simplified calculations estimating the change in d
18 O smectite through time corresponding to different tectonic scenarios that roughly bracket the range of published models for the Middle Miocene to Pliocene uplift of the Sierra Nevada. We present five scenarios (Curves 1 -5, Figure 5 ) though there are many more possibilities that represent combinations or variations of these. As we are primarily interested in addressing when the bulk of Sierran elevation was formed, we calculate these models for 2800 m of elevation gain, roughly equivalent to the average modern elevation of the range. In addition, we have plotted curves roughly corresponding to our two data sets, allowing for an estimation of elevation loss necessary to produce our observed results (Curves 6, 7).
[26] Curve 1 of Figure 5 represents the case in which the Sierra Nevada have remained essentially at the same elevation as today and the only changes affecting either d
18 O precipitation in the western Basin and Range or d 18 O smectite are changes in the isotopic composition of the ocean source waters due to Middle Miocene development of the Antarctic ice sheet and a continuous $5°C decrease in global temperature [see Molnar and England, 1990] . In this case, we treat isotopic changes in ocean water as causing a direct isotopic effect on d 18 O precipitation , and the temperature change as affecting both d 18 O precipitation ($0.5%/°C) [Savin and Hsieh, 1998 ] and the isotopic fractionation between water and smectite according to the equation of Savin and Lee [1988] . This scenario produces a d
18
O smectite trajectory showing a $0.6% increase since 20 Ma. At the opposite extreme, Curve 2 represents the calculated trajectory for a Sierran topographic history involving continuous development of 2800 m of relief over the past 10 million years. In this case, no effect from either isotopic changes in d
18 O ocean or from global temperature changes are considered and the sole cause of d
18 O smectite variation is the rainout effect of westerly air masses encountering a steadily growing orographic barrier. Using an isotopic lapse rate of À0.28%/100 m [Poage and Chamberlain, 2001 ], this scenario produces a monotonic decrease in d
O smectite of $7.8% over the past 10 million years.
[27] Curves 3, 4, and 5 represent trajectories calculated for development of $2800 m of relief beginning at 10 Ma, 5 Ma, and 2 Ma, respectively. Included in these trajectories are the effects of changing d
O ocean and a 5°C decrease in temperature as described above. These three scenarios produce the same final d
18 O smectite though the trajectories en route to the modern condition vary dramatically. In each case there is a sharp decrease in d
18 O smectite of $7.2% associated with Sierran surficial uplift. Curve 6 corresponds to the observed isotope data set for the northern composite section, including the effects of changing d [28] These calculated d
O smectite trajectories have limited independent use in that the choice of input variables is somewhat arbitrary. For example, a smaller surficial uplift of the Sierra would produce a correspondingly smaller isotopic shift in d
18 O smectite through time. However, there are distinguishable differences between those cases that involve substantial development of Sierran topography and those cases which involve no elevation change or significant elevation loss. To a first order, these isotope trajectories show that it is possible to distinguish between (1) the case where the Sierra have developed much of their present-day elevation post-Middle Miocene, exerting a major isotopic influence over precipitation in the western Basin and Range by significant elevation gain, (2) the case where the Sierra existed as a prominent topographic feature pre-Middle Miocene and have not significantly changed their isotopic influence on precipitation in the western Basin and Range since then, and (3) the case where the Sierra existed as a prominent topographic feature pre-Middle Miocene and have changed their isotopic influence on precipitation in the western Basin and Range since then by significant elevation loss. The magnitudes of the predicted isotopic shifts are sufficiently large that it is highly unlikely that significant surficial uplift of the Sierra Nevada 18 O smectite that must be considered (see below). Oxygen isotope data from smectites in the El Paso Basin show a $5 -6% increase between $14 and $6 Ma, with a corresponding change in the isotopic composition of carbonate cements. Without a higher resolution data set and more isotope data in the age range of 11 -12.5 Ma, it is impossible to tell whether this change represents a rapid or gradual shift through time. Without data from younger samples it is also impossible to ascertain the stability of this signal since $6 Ma. There is no obvious change recorded in the sedimentary record, such as a change to more evaporative or lacustrine conditions, that would logically produce this isotopic shift [Loomis and Burbank, 1988] . The elevation loss required to produce this increase in d 18 O smectite is approximately 2000 m, suggesting that the southern Sierra may have been at significantly higher elevations in the Middle Miocene than they are today.
[30] This interpretation is consistent with results from other recent studies also suggesting Late Cenozoic elevation loss in the Sierra Nevada [Wernicke, 1996; House et al., 1998 House et al., , 2001 ] (see earlier discussion). Wernicke et al. [1996] and Snow and Wernicke [2000] present a model of 250 -300 km of tectonic extension between the Sierra Nevada and the Colorado Plateau focused between 16 Ma and 5 Ma. Crustal thinning and attendant buoyancy loss associated with this extensional event may have resulted in a lowering of Sierra Nevada elevations by several thousand meters during this time. We suggest that our data may reflect this elevation loss although why elevation loss would be focused in the southern Sierra while the northern region remained largely unaffected is unclear.
[31] There are several additional complications in interpreting stable isotope data sets that must be addressed as well. One of the most important controls on the isotopic composition of surface water and groundwaters is the source of precipitation. As stated earlier, winter precipitation in the modern environment originates to the west over the Pacific Ocean and travels eastward over the Sierra en route to the Basin and Range. In contrast, summer precipitation is a mixture of storms that track from the west and storms that track from the south or southeast across either the Gulf of Mexico or Gulf of California. The seasonal changes in precipitation source result in a $2 -3% change in d
18 O of precipitation with season, with summer precipitation being isotopically heavier . It has been shown in Wyoming that in the last several hundred thousand years the relative amount of precipitation from these two sources has changed with summer precipitation via monsoonal flow being more abundant in the preHolocene [Amundson et al., 1996] and resulting in isotopically heavier mean annual precipitation than at present. It is unknown if and how the monsoon has changed on the scale of million of years in the western United States, but there is no reason to suspect that similar fluctuations in the seasonality of precipitation have not occurred on this time scale. If significant changes in precipitation source have occurred in the past, this may obscure or confound any isotopic variations resulting from the changing orographic effects of the mountains to the west.
[32] Surficial uplift of the Coast Ranges and Transverse Ranges may also influence the isotopic history of the area east of the Sierra Nevada, though the effects are likely to have been small as compared with large-scale changes in Sierran elevations. Studies of modern precipitation show that the Coast Ranges result in a 1 -2% decrease and the Transverse Range in a $1% decrease in d
18 O values of modern surface waters, which are significantly less than the isotopic decrease observed across the Sierran crest Taylor, 1986, 1991; Friedman et al., 1992] . Nevertheless, it would be useful to measure the isotopic composition of authigenic minerals in rocks both from the windward and rain shadow sides of the Sierra Nevada to separate the potential effects of changes in the topography of the Sierra from those of the Transverse and Coast Ranges. However, we know of no suitable terrestrial sections west of the Sierra Nevada that contain weathered volcanic ashes or any other effective d
18 O precipitation proxy spanning the age range of interest.
[33] The magnitude of change in d 18 O of both smectite and carbonate cements from the El Paso Basin is not recorded farther north in the composite section and at present it is unclear why this difference occurs. Though it is entirely possible that this shift reflects a differential decrease in elevation between the southern Sierra and the region farther north, it may also in part reflect the geographic position of the El Paso Basin. The basin is located near the intersection of the Sierra Nevada fault zone and the Garlock fault against which the Sierra terminate to the south. Being at the southern end of the mountains, storms tracking from the west can ''wrap around'' the southern end of the Sierra en route to the El Paso Basin, more so than they can for basins farther north. This is reflected in the steep isotopic gradient around the southern end of the mountains in which the El Paso Basin sits (Figure 2) . In this sense, the isotopic composition of precipitation in the El Paso Basin may be more sensitive to small changes in storm tracking or precipitation source. Sharp climatic boundaries do occur in the modern environment particularly where annual precipitation is derived from seasonally distinct air masses, or topography is complex (e.g., the Greater Yellowstone Region) [Whitlock and Bartlein, 1993] , as is the case in the western Basin and Range. These boundaries are capable of changing on timescales as short as tens to hundreds of thousands of years [e.g., Whitlock and Bartlein, 1993; Amundson et al., 1996] . We leave open the possibility that the changing isotopic composition of smectite and calcite cement from the El Paso Basin may have been influenced by its position within a presently steep isotopic gradient and stem from a small scale shift in the position of this boundary not recorded in sections farther to the north. This illustrates the need for caution and conservatism in the use of stable isotope records as a climate or paleotopographic proxy, especially in regions of complex modern topography and multiple or seasonally distinct precipitation sources.
Conclusions
[34] The near-linear relationship between the Dd
18
O of surface waters and net elevation of orographic barriers [Poage and Chamberlain, 2001] represents a foundation upon which to estimate the timing and magnitude of rain shadow development and paleoelevation change in large mountain ranges. Theoretical considerations based on an empirical isotopic lapse rate indicate that it is highly unlikely that the Sierra Nevada could have risen to present elevations during the Late Cenozoic without significant changes in the isotopic composition of precipitation, groundwater, and authigenic minerals on the lee side. Oxygen isotope data from smectites formed from the weathering of volcanic ashes on the east side of the Sierra and here used as a proxy for changes in the isotopic composition of precipitation show no evidence of rain shadow development or a major elevation increase in the Sierra Nevada over the past 16 million years. Rather a significant increase in d
O smectite from the El Paso Basin at the southern end of the Sierra, as well as a lesser increase in d
18 O smectite from a more northern composite section suggest that the Sierra Nevada may have lost elevation since the Middle Miocene. This evidence is at odds with many earlier studies indicating significant development of Sierran topography over the past $10 million years, but is in accord with several recent studies indicating that the Sierra Nevada may have already existed as a major topographic feature, losing elevation during the Late Cenozoic due to region extension and crustal thinning.
